We have measured radial anisotropy in the crust beneath the northern part of North China by jointly inverting Rayleigh and Love wave phase velocities at periods less than 35 s from 14 months of ambient noise data recorded by 222 broad-band seismic stations. We also estimate the azimuthal anisotropy of phase velocity from Rayleigh wave data. The fast direction of azimuthal anisotropy varies with periods, NE-SW orientation at short and intermediate periods (10-16 s) and NW-SE orientation at periods larger than 20 s. The NE-SW oriented fast direction of azimuthal anisotropy may be related to the fossilized structural fabrics due to the compression during the Indosinian orogeny from late Palaeozoic to middle Mesozoic. The NW-SE trend of anisotropic fabric in the lower crust and uppermost mantle is probably associated with the later lithospheric extension. The observed radial anisotropy also shows a two-layer feature, negative radial anisotropy (Vsh < Vsv) in the upper crust and positive (Vsh > Vsv) in the middle-lower crust. The compressional tectonics from late Palaeozoic to middle Mesozoic may cause crustal materials align vertically throughout the crust. This vertical fabric could make Vsh slower than Vsv. However, the lithospheric extension in the late Mesozoic to Cenozoic time could overprint the older fabric in the middle and lower crust by magma intrusion and underplating. Horizontal alignment of the material or intruded melt sills due to the extension probably produce the observed strong positive radial anisotropy in the middle and lower crust.
I N T RO D U C T I O N
The North China, part of the Sino-Korean Craton, consists of the Ordos Plateau in the west and the North China Plain in the east (Fig. 1) . It behaved as a coherent, stable continental block from the late Neoproterozoic until middle Palaeozoic (Metcalfe 1996) . Several significant tectonic events affected the North China during the late Palaeozoic-Cenozoic. In the late Palaeozoic-middle Mesozoic, the compressional tectonics existed in the North China due to the closure of the Palaeoasian ocean in the north margin and subsequent collision with the Yangtze Craton in the south margin in the Indosinian orogeny (Li et al. 1993; Kusky et al. 2007) . From middle to late Mesozoic, the eastern margins of North China underwent significant Yanshanian orogenesis due to the oblique subduction of Palaeopacific oceanic crust in the east. The tectonics of North China changed from compression to extension at c. 130-120 Ma (Kusky et al. 2007) . It has undergone significant lithospheric thinning and extension, producing volcanism, rifting and large earthquakes since the late Mesozoic (e.g. Fan & Menzies 1992; Menzies & Xu 1998; Zheng et al. 1998; Liu et al. 2004 ; Chen et al. 2006 ). This tectonic deformation shift from compression to extension has attracted much attention from geoscientists over the world. Despite decades of research, how this extension occurred is still not well known and several scenarios have been proposed for the tectonic evolution of the North China. These include delamination (Tian et al. 1992; Gao et al. 2009 ), thermal and chemical erosion (Xu 2001; Gao et al. 2004; Menzies et al. 2007; Zheng & Wu 2009 ) and mantle plume (Deng et al. 2004) . A thorough image of the deformation and physical state of the structure of the crust and upper mantle is the key to discriminate these models.
Seismic anisotropy is often attributed to deformation-induced alignment of the individual crystals (lattice preferred orientation) or geometrical patterns of impedance contrasts (shape preferred orientation). Therefore, it can provide constraint on the deformation. Radial and azimuthal anisotropy are known to exist in the Earth structure. Radial anisotropy is the difference of elastic properties of media between the horizontal and vertical orientations (Anderson 1961) . It can be inferred from Rayleigh and Love wave data. Azimuthal anisotropy is dependent on the direction of wave propagation and generally observed from shear wave splitting measurement and Rayleigh wave dispersion data. The radial anisotropic effect in North China has been observed at two profiles from analysis of seismic ambient noise (Cheng et al. 2013) . Azimuthal anisotropy has been observed by shear wave splitting measurements (e.g. Iidaka & Niu 2001; Zhao & Zheng 2005; Liu et al. 2008; Zhao et al. 2008; Fu et al. 2010; Gao et al. 2010 Gao et al. , 2011 Chang et al. 2012) and Rayleigh wave dispersion data (Huang et al. 2004; Yi et al. 2010; Huang 2011) . Shear wave splitting measurements using teleseismic SKS and SKKS phases have revealed a upper mantle anisotropic fabric with orientation mainly in NW-SE (Zhao & Zheng 2005; Liu et al. 2008; Zhao et al. 2008; Fu et al. 2010; Chang et al. 2012) , while shear wave splitting results from local S phase which constrain the anisotropy in the shallow depth show a much more complicated pattern, mainly NE-SW oriented fast direction except EW in the northern part of North China Basin (Wu et al. 2007 Gao et al. 2010 Gao et al. , 2011 . Azimuthal anisotropy of group velocity from Rayleigh wave data is uniform, with fast direction in NE-SW direction from 12 to 40 s (Huang et al. 2004; Huang 2011) , while Yi et al. (2010) obtain the NW-SE oriented fast direction of phase velocity at periods of 20-40 s using Rayleigh wave dispersion data. The inconsistency of previous results can be attributed to the complex anisotropy or inaccuracy due to lack of dense seismic station. A systematic 3-D variation of anisotropic structure in the crust cannot be well constrained from previous studies due to the limited stations and azimuthal coverage. The temporary North China Seismic Array (NCSA), which consists of 188 broad-band seismic stations with an average interval of 60 km, was installed throughout the northern part of the North China (Fig. 1) . A large amount of seismic data collected from NCSA and the permanent China Digital Seismic Array (CDSA) make it possible for producing a high-resolution 3-D anisotropic model.
In this study, we get both the radial and azimuthal anisotropy structure of the crust in the North China in order to obtain a better understanding of the processes which control the deformation of the crust and the interaction between the crust and mantle during the Mesozoic to Cenozoic extension. We use the ambient noise data recorded by the network NCSA and CDSA to obtain the Rayleigh and Love wave phase velocities. A smoothly varying radial anisotropy structure of the crust is obtained from the phase velocity dispersion curves of both Rayleigh and Love wave. Azimuthal anisotropy is constrained from Rayleigh waves.
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P H A S E V E L O C I T Y M E A S U R E M E N T A N D A Z I M U T H A L A N I S O T RO P Y
We use 14 months (November 2006 to December 2007) of continuous three-component seismic data from 222 broad-band stations from the temporary North China Seismic Array (NCSA) and the permanent China Digital Seismic Array (CDSA) in the northern part of North China (Fig. 1) . Ten permanent stations from China Digital Seismic Array with misorientation of horizontal components are corrected using the method from Niu & Li (2011) . The empirical Green's functions (EGFs) of Rayleigh and Love wave between the stations are extracted from cross-correlations of vertical component and transverse component, respectively. Dispersion measurements are made on EGFs. We follow the data processing and measurement techniques described in detail by Bensen et al. (2007) and Lin et al. (2008) .
After removing the instrument responses, all records are bandpass filtered between 5 and 50 s. We apply both temporal normalization and spectral whitening. Cross-correlations are performed daily between all pairs of stations and then are stacked to increase the signal-to-noise ratio. The arrival time of Love waves on transverse cross-correlation is earlier than that of Rayleigh waves on the vertical cross-correlation from the same station pair, illustrating Love wave generally propagates faster than Rayleigh wave at the same frequency. For each period, the EGFs can be retained for the dispersion analysis only when it satisfies the far-field approximation (the distance between two stations 3 times of the wavelength) and the high signal-to-noise ratio criterion (Lin et al. 2008) . The number of measurements decreases with period due to the far field approximation. For example, it drops from 4210 at 16 s to 720 at 35 s for Rayleigh wave. For Love wave it is from 3780 at 16 s to 530 at 35 s. However, the ray path coverage is still good in the centre of the study region even at longer periods. The phase velocity dispersion curves of Rayleigh and Love wave are determined from the EGFs by an automated frequency time analysis.
Surface wave phase velocity in a slightly anisotropic media (Smith & Dahlen 1973) can be expressed as
where c(ω, θ) is phase velocity, ω is frequency and θ is backazimuth. A 0 (ω) is the isotropic phase velocity, A i (ω) (i = 1, 2, 3, 4) is the azimuthally anisotropic coefficients. For Rayleigh wave, the 2θ term is dominant and 4θ term can be negligible, while for Love wave, the 4θ term is much larger than the 2θ term (Montagner & Nataf 1986) . In this study, we obtain the phase velocities from 8 to 35 s period for Rayleigh wave and 8 to 30 s for Love wave. Love wave azimuthal anisotropy is difficult to constrain since the 4θ variation requires a very complete azimuthal coverage. We ignore the 4θ term for Rayleigh wave because it is expected to be small. The amplitude of anisotropy and its fast direction are calculated from coefficients of isotropic and anisotropic terms at each period. The strength of anisotropy is 2[A 1 (ω) 2 + A 2 (ω) 2 ] 1/2 /A 0 (ω), and the fast direction is tan −1 [A 2 (ω)/A 1 (ω)]/2. To solve for phase velocity variation and azimuthal anisotropy, we use a continuous regionalization and the generalized inversion technique (Tarantola & Valette 1982) to invert path averaged phase velocities at each period. This tomography method is applied on a 0.5
• × 0.5
• geographical grid across the study region. An a priori standard deviation of 0.2 km s −1 is assigned to phase velocity to provide light damping and the spatial correlation length is 60 km to smooth the model parameters.
Checkerboard tests with a cell size of anomaly of 1
• × 1 • for phase velocity and azimuthal anisotropy at periods of 16 and 25 s are shown in Fig. 2 . The input models are composed by a phase velocity perturbation of 4 per cent and the change of fast direction of azimuthal anisotropy with the strength of 2 per cent, which alternate horizontally (Figs 2a and f). The pattern of phase velocity anomaly and azimuthal anisotropy can be largely recovered and the resolution is clearly higher in the interior of the study area where the ray paths are denser (Figs 2b-e and g-h). The magnitude of the anomaly and the overall model resolution are reduced at the edge. The resolving power decreases at longer periods (>30 s) due to the poor azimuthal path coverage of measurements, indicating that the resolution decreases with increasing depth for 3-D structure. To estimate the resolution of phase velocities, the standard deviation of phase velocity are calculated from the model covariance matrixes. Fig. 3 shows the contours of twice standard deviations for phase velocity anomaly at 16 s. Areas with smaller standard error are better resolved than those with higher values. The highest resolution is within the array due to the dense distribution of stations and crossing ray paths there. The standard error of phase velocity increases with period due to larger uncertainties in traveltimes at longer periods.
The maps of isotropic phase velocity anomaly for Rayleigh and Love wave at 10, 16 and 25 s are shown in Fig (Fang et al. 2010 (Fang et al. , 2013 . Slow velocities are associated with sediments. The sediment model is shown in Fig. 5 (a) for comparison. These significant lateral velocity anomalies mainly reflect velocity differences between the sedimentary basins and surrounding crystalline rocks. The velocity features of the maps at 16 s are also seen in the maps of 10 s, except that the amplitudes of anomaly are smaller than these of 10 s (Figs 4c and d). At period of 25 s, waves are primarily sensitive to the lower crust, uppermost mantle (Fig. 6 ) and crustal thickness. The depth to Moho is plotted in Fig. 5(b) . The distribution of velocity anomaly is different from that at periods below 20 s. The North China Basin has a high velocity anomaly which reflects high shear wave speed in the lower crust or thinner crust (Figs 4e and f) . This high anomaly is also imaged by Wang et al. (2012) which use the same ambient noise data but different method for data processing. Very slow velocity is found at Yin Mountains. A small difference exists between the Rayleigh and Love wave phase velocity maps at this period. The Rayleigh wave phase velocity map has a high velocity anomaly in Datong area which shows low velocity anomaly in the Love wave phase velocity map (Figs 4e and f) . The difference between the two maps could be caused by isotropic shear wave velocity variation with depth and/or the presence of radial anisotropy.
Figs 4(a), (c) and (e) show the lateral variation of Rayleigh wave azimuthal anisotropy at periods of 10, 16 and 25 s, respectively. The distribution of azimuth of fast-propagation direction strongly depends on the period. At the period of 10 and 16 s, the average amplitude reaches 4 per cent of the reference velocity, and the azimuth of the fast propagation direction is regionally uniform, in NE-SW direction (Figs 4a and c) . The map of 25 s shows a different feature. The azimuthal anisotropy is weaker and has a coherent NW-SE oriented fast direction, nearly perpendicular to the fast propagation direction observed in 10 and 16 s (Fig. 4e) . The change in anisotropy with period indicates that two or more anisotropic layers with different fast directions may coexist in the crust and uppermost mantle.
S H E A R WAV E V E L O C I T Y A N D R A D I A L A N I S O T RO P Y
We invert phase velocities of Rayleigh and Love wave simultaneously at each point on the map to obtain 3-D shear wave velocity and radial anisotropy structure using a standard, iterative, linearized inversion technique (Tarantola & Valette 1982) . The data used in this inversion are the resolved isotropic phase velocities of Rayleigh and Love wave at 9 periods from 8 to 30 s. In a transversely isotropic medium, the elastic coefficients of material can be expressed by five parameters, β V (vertical shear wave velocity), α H (horizontal P-wave velocity), ξ , ϕ and η (Takeuchi & Saito 1972 ), where ξ = β H 2 /β V 2 and ϕ = α V 2 /α H 2 , and η = β V 2 /(α H 2 −2 * β V 2 ). The model parameters are β V and ξ . Since Rayleigh and Love wave phase velocities primarily depend on shear wave velocity, less on density and P-wave velocity, we couple P wave velocity to S wave velocity using a constant Poisson's ratio, which is a reasonable approximation for the materials of the crust and uppermost mantle (Nishimura & Forsyth 1989) . Experiments show that different Poisson's ratio cause very small change in the resulted model and could be neglected. (Fig. 5b) and three layers in the upper mantle to 100 km depth. The top layer is for sedimentary rock having a variable thickness (Fig. 5a ). The 4-layer crustal model would change to 3-layer model when the thickness of sediment layer is 0 km. The velocity of this sedimentary layer is inverted and its initial value is set according to reflection and refraction study (Jia & Zhang 2005) . In the inversion, the method of Saito (1988) is used to calculate the partial derivatives of phase velocities to shear wave velocity and other anisotropic model parameters in each layer. We introduce vertical smoothing to a correlation of 0.3 in changes of model parameters in the adjacent layers. The model parameters are slightly damped, 0.02 for β V and 0.004 for ξ , respectively.
Because the inversion is intrinsically non-linear and highly underdetermined, the solutions for model parameters depend strongly on the starting model. The synthetic tests from and show that anisotropy can be effectively determined from the anisotropic inversion with an anisotropic initial model based on Vsv and Vsh from the separate isotropic inversion of Rayleigh and Love waves. Therefore, we adopt this method to constrain the initial 1-D model for the anisotropic inversion. First, Vsv and Vsh are obtained by isotropic inversion of the average phase velocities of Rayleigh and Love wave, respectively. Then, we get the parameter ξ in the initial model for anisotropic inversion by ξ = Vsh 2 /Vsv 2 . For the parameter β V , we perform tests with it fixed to (Vsv + Vsh)/2 and [(2Vsv 2 + Vsh 2 )/3] 1/2 , respectively. The inverted results are very similar for these two cases. Therefore, we set β V to (Vsv + Vsh)/2. Results from an anisotropic inversion for average phase velocities of Rayleigh and Love wave in the study area are shown in Fig. 7 . The predicted dispersion curves for Rayleigh and Love wave from the best-fitting model fit the observations very well (red line in Fig. 7a ). Negative radial anisotropy (Vsh < Vsv) in the upper crust but positive anisotropy (Vsh > Vsv) in mid-lower crust are obtained from the inversion (red line in Fig. 7b ). For comparison, we also plot the results from the inversion with an isotropic initial model (blue lines in Fig. 7) . The prediction from inversion with an isotropic (Kennett et al. 1995) using the method of Saito (1988) . Note the difference of the depth of peak sensitivity between Rayleigh and Love waves at the same period.
starting model underestimates Love wave phase velocities at most periods (blue line in Fig. 7a ). This may be due to the relative low depth resolution of ξ which is controlled by Love wave (Nishimura & Forsyth 1989) . The data misfit could be improved without the constraint on anisotropic parameter but the inverted model shows strong oscillations. However, the introduction of anisotropy in the starting model improves the data fit significantly, causing a 70 per cent variance reduction in the mis-fit (red line in Fig. 7a ). Our results also indicate that the starting anisotropic model with the amount of anisotropy constrained by Vsv and Vsh could be a good reference model.
We first perform anisotropic inversion at each gridpoint following the procedure above. Fig. 8 displays the 1-D anisotropic models at two map points in the North China Basin and Fenhe Graben, respectively. The model parameters (isotropic shear wave velocity and ξ ) are well constrained with standard deviations less than 1 per cent (Figs 8b, c, e and f), within the average uncertainties of 2 per cent across the region. The North China Basin has a slow and sedimentary layer, but both Vsv and Vsh in the crust at the North China Basin point are higher than those in the Fenhe Graben. Radial anisotropy is not significant with the amplitudes less than 2 per cent for the point in Fenhe Graben, while the North China Basin shows larger radial anisotropy.
Combining all the anisotropic inversion result beneath each point, we obtain a model of the 3-D shear wave velocity and radial anisotropy in the crust in the northern part of North China (Figs 9 and 10). We calculate the strength of radial anisotropy by 200 × (Vsh−Vsv)/(Vsh + Vsv). In the upper crust, strong low velocity anomalies exist underneath the North China Basin and northern part of Fenhe Graben (Figs 9a and 10a ). This observation is consistent with the slow S-wave velocity measured by Yang et al. (2012) . Relatively thick sediments beneath these areas may be responsible for the observed slow anomalies (Fig. 5a ). The Yan Mountains and Yin Mountains show high anomalies from surface to 25 km (Figs 9a, c  and 10c ). However, they become slow area in the lower crust and the North China Basin also appears high velocity anomaly (Figs 9e and  10c) . The Datong volcanic area in Fenhe Graben is characterized by high velocity anomaly in the upper-mid crust, while it appears low velocity anomaly in the lower crust (Figs 9a, c, e and 10a) . P-wave velocity image from traveltime tomography ) and S-wave velocity structure from surface wave tomography (Cheng et al. 2013 ) also show the same feature. A prominent feature of radial anisotropy is the strong positive anisotropy (larger than 4 per cent) imaged beneath the North China Basin in the mid-lower crust (Figs 9d, f, 10b and d) . However, the northern part of Fenhe Graben shows negative anisotropy in the middle crust but positive in the lower crust (Figs 9d, f and 10b) . Cheng et al. (2013) obtained similar pattern of the radial anisotropy but with smaller amplitude. In Taihang Mountains, high Vsh is present in middle and lower crust (Figs 9d and f) .
D I S C U S S I O N
Trade-off between lateral heterogeneity and azimuthal anisotropy
An important issue in the inversion for azimuthal anisotropy is the significant trade-off between lateral heterogeneity of isotropic phase velocity and azimuthal anisotropy. In principle, any azimuthal anisotropy effect on traveltime can be well represented by large lateral heterogeneities in isotropic velocities on the scale smaller than the separation between stations. We perform several tests at a range of periods with the lateral variation of phase velocity allowed by the Gaussian smoothing parameter of 60 km to assess the trade-off between the isotropic velocity and anisotropy. With our high density and excellent azimuthal distribution of stations in the centre of study region, we find no significant difference between the lateral variations in isotropic phase velocity inverted without azimuthal terms (Fig. 11a) and that in models that include the azimuthal terms (Fig. 11b) . However, the azimuthal anisotropy may be underestimated at the region where azimuthal coverage is weak. These tests suggest that the variation of isotropic phase velocity is better resolved than anisotropy.
Trade-off among sediment thickness, crustal thickness, shear velocity and radial anisotropy
Surface waves are sensitive to the Earth structure over a broad depth range. There is a large trade-off among the sediment thickness, crustal thickness, shear wave velocity and radial anisotropy. We first test the effect of sedimentary thickness on the inverted velocity and anisotropy (Fig. 12) . We invert the phase velocity observation of Rayleigh and Love wave at a point using two initial models, one with sedimentary layer and the other without it. The results indicate that the model without the sediment layer can fit the Rayleigh wave speeds very well, but the misfit to Love wave speeds remains large at short periods (<12 s) (Fig. 12c) . However, the misfit reduces greatly when taking into the account of sediment effect (Fig. 12a) . Our tests indicate that changing the thickness of sediment in a range of 2 km only slightly changes the resultant model. Therefore, the thickness of sedimentary layer mainly affects the Vsh from Love wave. For crustal thickness, we find that its uncertainty has a very small effect on the estimate of velocity and anisotropy. The variation of 2 km in crustal thickness can cause a change of shear wave velocity less than 1 per cent at most. We use the sediment and crust thickness from previous studies Laske et al. 2013; Wang et al. 2013; Li et al. 2014) in the inversion to make sure that the 3-D anisotropic model well reflects the variation of shear wave velocity and radial anisotropy in our study region.
Azimuthal and radial anisotropy
Observations of azimuthal and radial anisotropy can provide some of the most direct evidence for deformation and flow pattern within the Earth's interior. In this study, we investigate lateral variation in both the radial and azimuthal anisotropy beneath the northern part of North China. The azimuthal anisotropy of phase velocity of Rayleigh wave varies with periods. The NE-SW fast orientation at periods (10 and 16 s), mainly sensitive to the upper and middle crust (Fig. 6a) , is parallel to the maximum compressive stress directions from Xu (2001) and tectonic trends (North China Basin and Taihang Mountains) (Figs 4a and c) . The splitting results from local earthquake are consistent with our observation except in the northern part of North China Basin where the fast direction is oriented in E-W (Wu et al. 2007 Gao et al. 2010 Gao et al. , 2011 . Shear wave splitting measurements from local event could constrain the anisotropy in the very shallow part of the crust. The NWW-SEE oriented faults and tectonic boundary in this area may contribute to the E-W oriented fast direction. The anisotropy with NE-SW fast orientation we observed is probably related to fossilized structural and mineral fabrics due to the compressional tectonics from late Palaeozoic to middle Mesozoic. Rayleigh wave at periods larger than 20 s are primarily sensitive to the lower crust and uppermost mantle (Fig. 6a) . The NW-SE fast direction at 25 s suggests that the anisotropy in the lower crust and uppermost mantle is different from that in the shallow crust (Fig. 4e) . This NW-SE oriented fast direction is also observed by Yi et al. (2010) from the teleseismic Rayleigh wave data. The fast direction in the lower crust and uppermost mantle is consistent with the regional lithosphere extension direction of 155
• (Ren et al. 2002) . The Late Mesozoic and Cenozoic lithospheric extension deformation caused crustal minerals to align perpendicular to the direction of lithospheric shortening. This two-layer feature is also observed from radial anisotropy. In the upper crust Vsh is generally slower than Vsv (Fig. 9b) . Negative radial anisotropy (Vsv > Vsh) is usually associated with the vertical alignment of crystals or melt intrusions (e.g. Ritzwoller et al. 2001; Panning & Romanowicz 2006) . The negative anisotropy in the upper crust could have resulted from crustal shortening during the Indosinian orogeny in the late Palaeozoic-middle Mesozoic. In the at University of Houston on September 23, 2016 http://gji.oxfordjournals.org/ Downloaded from middle and lower crust, strong positive anisotropy with Vsh > Vsv is observed in the North China Basin (Figs 9d, f, 10b and d) . This feature is also found by two linear seismic arrays across the North China (Cheng et al. 2013) . The observation that strong positive radial anisotropy appears in the area that has experienced significant extension is similar to that found in the Basin and Range Province in the western U.S. (Moschetti et al. 2010) , and extensional areas in the European Alps (Pohl et al. 1999) and Tibet (Shapiro et al. 2004; Huang et al. 2010) . Such correlation between crustal radial anisotropy and strong rifting activity could be explained as that the extensional deformation caused crustal minerals to align subhorizontally and mafic intrusions to form as thin layers and therefore produces strong radial anisotropy.
Our positive radial anisotropy and NW-SE oriented azimuthal anisotropy in the middle and lower crust may indicate tilted hexagonally symmetric elastic tensors, similar to that observed in western United States by Xie et al. (2015) . Our discussion here only provides a qualitative understanding of the anisotropic structure. More quantitative work which is beyond the scope of this paper would be needed in the future. The observed two-layer anisotropy pattern (both the azimuthal and radial anisotropy) indicates that the effects of the compressional tectonics from late Palaeozoic to middle Mesozoic and the subsequent Mesozoic to Cenozoic lithospheric extension coexist in the crust. The older compressional fabrics could still remain mainly in the upper crust and maybe partly in the middle crust during the later extension. The lower crust has been deformed and modified during the Mesozoic-Cenozoic lithospheric extension.
C O N C L U S I O N S
The anisotropic structure (azimuthal anisotropy of phase velocity of Rayleigh wave and radial anisotropy) of the crust and uppermost mantle in the northern part of North China varies as a function of depth. The fast propagation direction of azimuthal anisotropy resolved at periods of 10-16 s is oriented parallel to the NE-SW structural fabrics observed geologically at the surface. Although this is not surprising for short and intermediate periods (10-16 s) that are sensitive to structure in the upper-middle crust, at longer periods (larger than 20 s) that resolve the lower to uppermost mantle the orientation is almost orthogonal, in NW-SE direction which is parallel to the regional lithosphere extension direction. For radial anisotropy, negative radial anisotropy with Vsh < Vsv in the upper crust can be explained by the vertical fabrics due to the crustal shortening during the Indosinian orogeny from late Palaeozoic to middle Mesozoic. In the middle and lower crust, strong positive radial anisotropy is probably related to the lithospheric extension in the late Mesozoic to Cenozoic time. Both the azimuthal and radial anisotropy suggest that the upper and lower crust have experienced different deformation process. The lower crust has been deformed and modified during the Mesozoic-Cenozoic lithospheric extention.
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